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ABSTRACT 
CdTe/CdS solar cells were produced with ZrN as a back contact by magnetron 
sputtering. ZrN films have been produced with crystalline quality and uniformity on CdTe. 
With good crystalline quality and uniformity on substrate materials, ZrN films have a low 
resistivity of 12.3 to 22.0 µΩ-cm, comparable to that of good conductive metals, which 
would permit thin back contacts. Annealing at temperature up to 270°C for 30 minutes did 
not affect the structure or properties of the ZrN.  
The effect of the thickness of the ZrN films on their back contact performance was 
studied. As the thickness of the ZrN films becomes larger, the improved microstructure of 
ZrN films contributes to the better cell performance. However, thicker ZrN leads to peeling 
off of films. Thicknesses beyond 300 nm do not result in better contacts. 
Cu is known to improve the performance of CdTe/CdS solar cells. However, a dual 
effect of Cu on the performance of CdTe/CdS solar cells indicates that the ones with more Cu 
doping perform worse and even drop to zero. SIMS depth profiles exhibit that Cu is a fast 
diffuser and higher temperatures stimulate more Cu to diffuse into ZrN films and bulk of 
CdTe. 
Compared to the conventional back contact material Au, ZrN films have lower optical 
reflectance and higher transmission. This advantage would permit thinner absorber layers for 
the resulting solar cells.  
The work function of ZrN was measured to be 4.1 eV by ultraviolet photoelectron 
spectroscopy (UPS). Transmission electron microscopy (TEM) indicated that the ZrN grew 
as columnar crystals perpendicular to the surface of CdTe with a rock-salt structure and (111) 
texture. A 2-3 nm thick amorphous layer of ZrN was observed at the CdTe/ZrN interface. 
Energy dispersive spectroscopy (EDS) showed that Cd and Te were present in the amorphous 
layer and the Zr:N ratio was not 1, off stoichiometric ZrN. The low work function combined 
with the amorphous layer at the interface contributed to the resulting observed Schottky 
barrier contact to the CdTe. 
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CHAPTER 1  
INTRODUCTION 
1.1 Current Situation of the World Energy 
Energy functions as an engine to drive the advancement of human civilization and 
development of science and technology. As the pace of development speeds up, the 
consumption of energy is exploding. According to Figure 1.1 [1], fossil fuels account for a 
dominant portion of current energy demands, although the percentage of fossil fuels has been 
slightly decreasing annually. However, the production and demand for renewable energy are 
growing slowly in the context of environmental deterioration and energy crisis. It is well 
accepted that fossil fuels will run out in the future possibly by the end of this century. Thus it 
is imperative to develop renewable energy, such as biofuels, solar power, wind power, etc. 
Consequently, renewable energy is experiencing an accelerated advancement, although it 
only makes up 19% of total world energy generation, as shown in Figure1. 
Among these renewable sources, solar photovoltaics have made considerable progress 
in recent years since the sun provides a clean and inexhaustible source of energy for the Earth. 
By the end of 2013, a total of 136 GW of solar photovoltaics had been installed worldwide, 
which amounts to about 0.85% of the electricity demand globally [2]. Driven by the 
development of materials, devices, and manufacturing technologies, the efficiencies of solar 
photovoltaics have been improved [3] and the cost has been reduced recently. Many 
photovoltaics companies have launched successful products. For examples, First solar 
recently achieved a world record of 20.4% efficiency in a small area of CdTe research cell 
and 17% for a complete CdTe photovoltaic module. At the same time they have reported 
consistent reductions in their manufacturing costs resulting in a current module 
manufacturing process producing modules for under $0.70/W. Thus, solar photovoltaics, and 
CdTe devices in particular, will hold an important position in the future world energy 
production.  
1.2 Basics of Solar Cells 
1.2.1 Three generations of solar photovoltaics 
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Photovoltaics convert light directly into electricity. In 1954 Chapin et al [4] used the 
crystalline silicon to make the first p-n junction solar cell. Silicon photovoltaics are still the 
most prevalent solar cells in terrestrial applications, taking up over 80% of the market 
worldwide. These cells represent the “first generation” of photovoltaic technologies, and 
have reached an efficiency of 25%. However, Si has an indirect bandgap and thus weak light 
absorption, requiring large cell thicknesses, over 20 microns. This increases the cost in both 
materials and the manufacturing process.  Despite this Si devices have achieved competitive 
manufacturing costs, close to that of First Solar’s CdTe devices, and high efficiencies with 
production modules exceeding 20% efficiency available routinely from companies such as 
Sun Power.  
The “second generation” of photovoltaics are based on thin films, such CdTe, GaAs, 
Cu(In, Ga)Se2, amorphous silicon, etc. The thin film solar cells are expected to ultimately 
permit lower manufacturing costs and lower weight, flexible devices that would be simpler 
and less expensive to transport and install. 
According to Martin Green [5], “third generation” photovoltaic cells must meet the 
following conditions: they should be based on thin film, have high efficiency, be produced 
from abundant, nontoxic, raw materials. These devices include multi-junction solar cells, hot 
carrier solar cells, multiband solar cells, etc, which are attracting extensive research. 
However, there is a long way before the third generation enters the market for mass 
application.  While these technologies are under development their forecast cost of devices is 
similar to what has already been achieved in Si and CdTe.  
1.2.2 Solar spectrum and efficiency limit 
In 1961 Shockley and Queisser [6] proposed that the thermodynamic upper limit of 
solar conversion efficiency is 33% for an AM 1.5 solar spectrum illumination of a single 
junction solar cell. The optimum value is Eg = 1.34 eV. Silicon solar cells have a limit of 
29% based on the lower energy gap of Si. The limiting factors encompass spectrum losses 
due to the lower photon energy that is not absorbed, energy converted to heat due to the 
absorbed photons having higher energy than the energy gap, energy loss related to blackbody 
radiation, and other losses. Figure 1.2 [7] represents the theoretical conversion limit as a 
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function of energy gap under different solar spectra. The asterisks denote the levels attained 
in current lab research and the dashed lines denote the potential relative to the 
thermodynamic limit [8]. Heterojunction solar cells like CdTe and GaAs have nearly ideal 
energy gaps of 1.45 and 1.4 eV, respectively, while the Si devices with an efficiency of 25% 
have almost reached the limit.  
However, in 1979 A.D Vos [9] calculated the theoretical efficiency limit of 
multijunction solar cells. With similar analysis methods to those of Shockley and Queisser, 
he concluded that the limit is 42% for two-junction solar cells, 49% for three-junction solar 
cells, and 68% for an infinite number of junctions. These limits are higher under concentrated 
light. Thus there are expectations for much higher efficiencies in the future. Efficiency is 
important because the cost of photovoltaic power scales largely with device area rather than 
power output. Hence, doubling the efficiency of a module roughly cuts the cost of the 
resulting power in half.  
1.2.3 Solar cells operation 
1.2.3.1 Working principle  
Solar cells are typically based on the p-n junctions. Figure 1.3 presents an 
approximate band-edge diagram of a typical CdTe/CdS heterojunction calculated from wx-
AMPS with an exaggerated thickness of CdS. Under illumination the p type and n type 
semiconductor absorb photons with energy no less than their respective energy gaps (Eg) and 
form electron-hole pairs. The electrons are separated from the holes by the built-in electric 
field. This separation causes the accumulation of electrons on the n-type side and holes in p-
type area, which provides the voltage that drives power through external loads.  
Ideally photon energy could be converted into electric energy completely. However, 
the photon energy greater than Eg is converted into heat by relaxation of the generated 
carriers to the band edges. In addition, not all the photogenerated carriers will be driven to 
the opposite sides of the junctions. The photogenerated carriers that are neither formed in the 
depletion region nor within a diffusion length of the depletion region tend to release energy 
via recombination processes and do not contribute to power production. In addition, defects 
in the semiconductor material may generate traps and recombination centers, which inhibits 
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the flows of photogenerated carriers and promotes the non-radiative recombination. All of 
these represent ways in which the solar cell performance can be improved.  
1.2.3.2 Solar cell parameters 
The solar cells performance is characterized by several important parameters, such as 
open circuit voltage Voc, short circuit current Isc, fill factor, efficiency, etc. With illumination 
the diode equation gives the typical I-V characteristics of solar cells with the following 
equation 
  
where I0, IL and n denote dark reverse saturation current, light generated current and 
ideality factor. V is the device voltage, q is the charge on the typical carrier, k is the 
Boltzmann constant, and T is the absolute temperature. The typical I-V characteristics for a 
generic solar cell are plotted in Figure 1.4 (a). The above parameters can be determined from 
both curves and Equation 1.1. Figure 1.4 (b) gives an equivalent circuit of a simple solar cell 
device. For V=0 the current flowing in the circuit is defined as short circuit current Isc. Isc is 
produced by collected photogenerated carriers [10]. For an ideal solar cell, Isc = IL = 
qAGop(Lp + Ln + W), where Gop, Lp, Ln and W denote the optical generation rate, hole 
diffusion length, electron diffusion length and depletion region width respectively.  
The open circuit voltage Voc is the voltage across the device when the external load is 
infinite and is the maximum output voltage the solar cell can produce. This parameter is 
related to the generation rate Gop by: 
 
In Figure 1.4 (a) the rectangle denotes the maximum cell output power (Pmax) where 
Pmax = Vmax · Imax. The optimum external load has RL = Vmax / Imax. Another important 
parameter, the fill factor is defined as  
 
I = I0 [exp (
!"!"#) – 1] – IL                                                               (1.1)	  
Voc	  =	  !"#! 	  ln	  (!!!! + 1)    	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (1.2)	  
FF	  =	  !!"#!!"#!!"!!" 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (1.3)	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The conversion efficiency η is the ratio of maximum power to incident power, 
 
where Pin is the incident light power on the solar cell.  
The four quantities including Voc, Isc, FF and η are the measure of the solar cells 
performance and they are determined under standard test condition. For terrestrial 
applications the standard is at 25°C, illuminated by the “air mass 1.5” (AM1.5) solar 
spectrum (100 mW/ cm2).  
1.2.3.3 Parasitic resistance 
 Equation 1.1 ignores resistive losses. In real solar cells devices, as in Figure 1.4 (b), 
there are series resistances Rs and shunt resistances Rsh. These modify Equation 1.1 when Rs 
> 0 and Rsh < ∞ to: 
 
The physical origin of series resistance is mainly from the resistance of the solar cell 
and contact materials and the contact resistances. Series resistance is a big problem at high 
current densities with concentrated light [11] as well as in series connected solar modules. 
The open circuit voltage Voc remains the same since no current is flowing, but Isc and FF are 
reduced by significantly high Rs, seen in Figure 1.5 [12].  
The shunt resistance typically arises from the solar cells material defects due to poor 
fabrication process and around the edges of solar cells [11]. It is intrinsic to the 
monolithically-integrated device architectures typical of thin film photovoltaics. Finite shunt 
resistances create an alternate current leakage path for the photogenerated current. Shunt 
resistance is a big problem at low light levels. Its main effect is to reduce FF and Voc while Isc 
is unchanged [12], as seen in Figure 1.5.  
η	  =	  !!"#!!"#!!" 	  =	  !!"!!"!!!!" 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (1.4)	  
I = I0 [exp (
!(!!!!!)!"# ) – 1] + !!  !!!!!"  – IL                                                 (1.5)	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1.3 Thesis Statement 
The transition metal nitrides represent potentially high performance contacts to 
CdTe/CdS thin film solar cells. This work demonstrates the use of one nitride, ZrN for this 
purpose and the performance of the contacts that result.  
In this research project, ZrN was deposited by reactive magnetron sputtering on the 
back of CdTe/CdS junctions to form completed solar cells. The effect of thickness and shape 
of the ZrN was studied. The reflectance and transmission of ZrN thin films of different 
thicknesses were studied and compared to conventional Au back contact materials. 
Annealing of the contacts and the addition of a thin layer of Cu on the CdTe prior to ZrN 
deposition were studied.  
Chapter 2 describes the background information and literature review on CdTe/CdS 
photovoltaics, the back contact and transition metal nitrides. The experimental methods used 
are given in Chapter 3. Different analysis techniques (including TEM, SEM, SIMS, XRD, 
XPS, AFM, etc.) for the characterization of structural, chemical and optical properties of the 
ZrN and its contact to CdTe are also examined in Chapter 3. In Chapter 4 the characterization 
results are discussed. Chapter 5 presents the conclusion of the work and ways to improve the 
performance of TMNs as novel back contact materials based on the results of this study.  
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1.4 Figures 
 
Figure 1.1 Total World Energy Consumption by Source (2011) [1]. 
 
 
Figure 1.2 The theoretical conversion limit of various solar cells under different solar spectrum [7]. 
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Figure 1.3 Schematic of CdTe/CdS solar cell p-n junction calculated from wxAMPS with an 
exaggerated thickess of CdS. 
	   9	  
 
Figure 1.4 (a) Typical I-V characteristics of solar cells; (b) Equivalent circuit of a simple solar cell 
device. 
 
 
Figure 1.5 Effect of series resistance and shunt resistance on the I-V characteristics of solar cells [12]. 
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CHAPTER 2  
BACKGROUND 
2.1 CdTe/CdS Solar Cells 
2.1.1 Properties of CdTe 
The CdTe/CdS photovoltaics have been particularly successful and became a pioneer 
as a large-scale second generation manufactured technology. CdTe typically crystallizes in 
the zincblende structure (fcc Bravais lattice) as shown in Figure 2.1. The lattice constant is 
6.48 Å and the bond length is 2.81 Å [10, 13]. The ionicity is calculated to be 72% [14]. This 
strong ionicity results in high chemical and thermal stability, which significantly decreases 
the degradation rate of CdTe/CdS thin film solar cells [14].  
CdTe has a direct bandgap of 1.45 eV at 300K. This value is nearly ideally suited to 
the solar spectrum according to the Schockley-Queisser model [6]. CdTe absorbs photons 
strongly from ultraviolet wavelengths to ~ 855nm (hν=1.45eV). CdTe can absorb 99% 
photons with energy greater than Eg in just 1~2µm thick film [10]. With an electron affinity 
of 4.3 eV, the work function of p-CdTe typically ranges from 5.05 eV to 5.8 eV [15].  
High quality CdTe with few detrimental impurities and desirable crystal structure can 
be fabricated by a variety of methods, such as physical vapor deposition (PVD), close space 
sublimation (CSS), electrodeposition, screen printing, etc.  
CdTe/CdS solar cells are fabricated into two different device structures, called 
substrate and superstrate geometries. In the substrate geometry light enters the device from 
the side away from the substrate while in the superstrate geometry light enters through the 
superstrate material, reaching the device through the first layer deposited. In my project the 
device structure, as depicted in Figure 2.2, is of the standard superstrate type. The structure is 
deposited on glass beginning with the transparent conducting oxide (TCO), followed by n-
type CdS and p-type CdTe. The resulting devices were contacted in this project using ZrN as 
a back contact deposited on the surface of CdTe for a completed device.  
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2.1.2 Doping of CdTe 
CdTe can be doped easily either p-type or n-type as the only one choice among II-VI 
compound semiconductor materials [16]. However, doping is difficult. In particular, it is 
difficult to produce heavy p-type doping [17, 18]. Typically the acceptor concentration is no 
more than 1015 cm-3 [19]. In order to understand this phenomenon, Wei and Zhang [19] 
concluded based on first-principles band structure methods that a self-compensation 
mechanism limits doping. For the case of n-type doping, it is limited by the spontaneous 
formations of either DX centers [20, 21] from extrinsic dopants or the intrinsic V!"!! as EF 
approaches the conduction band minimum. P-type doping is limited by the formation of 
either Cdi or compensation by interstitial defects such as Nai. No dopants produce shallow 
acceptor levels with high solubility simultaneously. The inability to dope CdTe heavily 
reduces the built-in voltage of the device, which limits the open-circuit voltage. Nonetheless, 
it is predicted that Ag and P should be effective p-type dopants with acceptor energy levels of 
E (AgCd) = 0.15 eV and E (PTe) = 0.05 eV above the valence band minimum (VBM). In 
addition, the elements of Na, N and As could become important acceptors with transition 
energy levels of E (NaCd) = 0.02 eV, E (NTe) = 0.01 eV and E (AsCd) = 0.10 eV above the 
VBM. Figure 2.3(a) lists the calculated transition energy levels of defects in the band gap of 
CdTe. 
Considerable research has attempted in experiments to achieve high p-type doping. 
Uzan et al. [22] used phosphorus-implanted CdTe and obtained hole density up to 5 × 1019 
cm-3 but dropped to 3 × 1017 cm-3 after thermal annealing. It was concluded that the lower 
number represents the equilibrium solubility limit. Chu et al. [23] prepared phosphorus and 
arsenic doped CdTe thin films by chemical vapor deposition (CVD) with carrier 
concentration up to 1016 cm-3 and a minimum resistivity of 200 Ω·cm. They also used close-
spaced sublimation to produce Sb-doped p-CdTe films with a minimum resistivity of 200 
Ω·cm at 1019 cm-3 Sb concentration [24]. Increasing the dopant concentration leads to a 
higher resistivity due to the formation of self-compensation complex. Using close-spaced 
vapor transport (CSVT) Cohen-Solal et al. [25] reported that the hole density of p-type CdTe 
was up to 1.2 × 1017 cm-3 with effective transport of In, As and P from the source to film 
during deposition. Bicknell et al. [26] also grew Sb and As doped p-CdTe films with hole 
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density up to 1018 cm-3 using photoassisted molecular beam epitaxy. Figure 2.3 (b) shows the 
experimental acceptor energy levels of defects in the band gap of CdTe [27].  
2.1.3 The effects of Cu 
Cu typically has a strong beneficial effect on CdTe photovoltaics. According to Li et 
al. [28], CdTe thin film solar cells without Cu have an efficiency lower than 1% while the 
ones with Cu show improved Voc, Jsc and efficiency up to 13%. But Kranz et al. [29] 
proposed that Cu does not play a crucial role and some parameters do not change due to the 
addition of Cu. Corwine et al. [30] also reported a similar observation.  
Cu is a p-type dopant and can reduce the resistivity of CdTe [31]. On the basis of first 
principle calculations, Cu from a back contact is expected to form a layer of Cu2-xTe and 
enhance the doping level of CdTe locally [32]. Cu is thought to occupy Cd sites and causes a 
deep acceptor 0.22 eV [19] as Figure 2.3 (a) lists, 0.31 eV [33], or 0.35 eV [34] above the 
valence band. Cu has also been proposed to improve performance by grain boundary 
passivation [35]. Ma et al. [36] observed an increase in resistivity in calculation and 
experimental work. Chin et al. [37] observed that the concentration of CuCd can reach 1 × 
1017 cm-3 but the corresponding hole concentration of 1 × 1014 cm-3 because of partial 
ionization and compensation. Perrenoud et al. [38] gave a comprehensive picture of the 
effect of Cu concluding that CuCd dominates among the acceptor defects. It was concluded 
that the hole density around 1 × 1014 cm-3 is up to four orders of magnitude less than the Cu 
concentration due to grain boundary segregation and low solubility of Cu. Appropriate 
amount of Cu contributes to a better ohmic contact for CdTe and reduced Rs. 
Cu is a fast diffuser in grain boundaries in polycrystalline CdTe [39], probably as Cu+ 
ions. The similarity of the ionic radii of Cu+ and Cd2+ permits easy substitution [40]. Asher et 
al.  [41] used SIMS measurements to confirm the diffusion rate. The migration of excess Cu 
into the CdTe/CdS junction over time is promoted by smaller grain sizes in the CdTe film. 
This creates shunting paths, which degrades the cell performance.  
In summary, it is generally accepted that Cu in CdTe/CdS thin film solar cells plays a 
dual role, as dopant in CdTe lowering the back contact resistance, and as a conductor in grain 
boundaries that promotes junction shunting.  
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2.1.4 Grain Boundaries of CdTe 
Another reason which contributes to the p-type doping limitation is grain boundaries 
in polycrystalline CdTe. Grain boundaries provide a place for Cu segregation and a path for 
Cu migration [42]. Charged grain boundaries can inhibit the transport of carriers through the 
polycrystalline films if there are boundaries in the conduction path [43] and can trap minority 
carriers and mediate recombination [45]. Based on calculation results, Vasheghani Farahani 
et al. [44] reported that 95% of the electrons are scattered or reflected at the CdTe grain 
boundaries.  
CdTe grain boundaries are generally modeled as illustrated in Figure 2.4 [46]. Grain 
boundaries are thought to have higher majority carrier concentrations near the boundary but 
lower concentrations in the boundary itself, so electrons are trapped at the grain boundary. 
The depletion region opposes majority carrier transport and thus diminishes their mobility 
[47].  
2.2 Back Contact for p-CdTe 
Based on the Schottky-Mott Theory, when p-CdTe and back contact with higher work 
function, i.e., Φm > Φs, are brought into contact, the band diagram at equilibrium is shown in 
Figure 2.5 (a), which results in an ohmic contact. However, the work function of p-CdTe is 
up to 5.8 eV so most materials result in a Schottky barrier (Figure 2.5 (b)). For example, the 
noble metals generally have high work functions, 5.2 eV for Au, 5.6 eV for Pt [50]. The 
larger the work function difference the higher the Schottky barrier, resulting in a higher 
contact resistance. This causes “rollover” of the I-V curve in the first quadrant of the 
current/voltage curve, and low fill factor in the fourth quadrant [51]. Figure 2.6 depicts the 
equivalent circuit of a solar cell device with a Schottky contact [52, 53]. Thus one solution to 
the contact resistance in CdTe solar cells is to use a higher work function nitride.  
A second approach is to dope p-CdTe heavily (Figure 2.5 (c)), which creates a quasi-
ohmic contact as holes can tunnel through the narrow Schottky barrier. However, it is not 
easy to make p-CdTe heavily doped.  
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A third alternative is to add a buffer layer between the p-CdTe and the back contact 
metals. The requirements for this buffer layer are: 1) the discontinuity of valence band 
between the buffer layer and p-CdTe must be low so that no new barrier for holes forms, and 
2) the p-type buffer layer materials must be doped to high carrier densities. Figure 2.5 (d) 
depicts the band diagram of p-CdTe back contact with a buffer layer. A successful example 
of a buffer material is ZnTe, which has small valence band offset of 0.1 eV [54] relative to 
CdTe, and it can be doped by Sb to a high carrier density up to 1018 cm-3 [55].  
Niemegeers et al. [53] studied Au as the back contact in modeling and experiment. 
They concluded that Au produces a Schottky barrier with CdTe. A bilayer Cu/Au contact is 
the most conventional contact for CdTe/CdS thin film solar cells [56]. The Cu causes the 
formation of Cu2Te layer at the interface, which is beneficial to the formation of quasi-ohmic 
contact [57].  
Ferekides et al. [58] studied RF sputtered CuxTe coated with Mo or graphite as a 
contact to CdTe. A maximum efficiency of 14.9% with over 70% fill factors was achieved. 
They concluded that a CuxTe contact by RF sputtering could be used for large area 
applications. Zhou et al. [59] conducted a further study on the effect of difference phases of 
CuxTe on the CdTe/CdS solar cells performance. They evaporated Cu onto CdTe followed by 
annealing and found three phases: CuTe, Cu1.4Te and Cu2Te. The Cu/Te ratio and annealing 
temperature determined the CuxTe phases produced.  
ZnTe and ZnTe/ZnTe:Cu bilayers were found to be successful buffer materials 
because of the small valence band offset with CdTe according to Wu et al. [60]. They 
deposited the bilayers by co-evaporation followed by post growth annealing resulting in 
devices with a fill factor of 73% and efficiency up to 12.93%. 
Cu doped graphite paste has also been shown to result in good CdTe/CdS solar cells. 
However, Cu can diffuse into the CdTe and degrade the solar cells. Thus, development of Cu 
free back contacts is important for CdTe/CdS photovoltaics with high performance and long-
term stability.  
With a work function of 5.9 eV HgTe is a promising material as a contact to p-CdTe. 
Janik et al. [61] deposited HgTe contacts on etched CdTe by vapor phase epitaxy and a 
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graded junction formed at the interface, which permits lowering of interface barrier and a 
much lower contact resistance. However, the high temperature of HgTe deposition degraded 
the polycrystalline p-CdTe thin films. Other researchers used other deposition techniques to 
fabricate HgTe contacts but the fabrication of good quality HgTe with easy process is still an 
issue to solve.  
Sb2Te3 is also a promising Cu free back contact material. Romeo et al. [62] reported 
that it is a p-type material with a low band gap of 0.3 eV and a low resistivity of 2 × 10-4 
Ω·cm by RF sputtering or vacuum evaporation [63]. It forms an ohmic contact with CdTe 
with better stability than solar cells with Cu containing back contact [64]. The best efficiency 
device with a Sb2Te3 back contact is 15.8%. Sonawane et al. [65] used electrodeposition to 
deposit Sb2Te3.  
Due to high work functions over 6 eV [66], transition metal oxides (e.g., MoO3, V2O5 
and WO3) are capable of forming ohmic contact to p-CdTe. Lin et al. [67, 68] introduced 
MoO3-x/Ni as the back contacts and obtained improved Voc and stability with an efficiency of 
12.2% compared to the cells with Ni-only back contact [69]. Paudel et al. [70] added a thin 
layer of transition metal oxides (TMOs) as buffer materials with Au as the back contacts. 
Compared to the cells with Au-only back contacts the TMOs/Au improves Voc and provided 
better stabilities. MoO3-x was found to give the best results with a best efficiency of 14.1% 
and Voc of 827 mV.  
2.3 Transition Metal Nitrides 
Transition metal nitrides (TMNs, including ZrN, VN, TiN and HfN) are appealing 
potential as back contacts of CdTe/CdS thin film solar cells. TMNs have high chemical and 
thermal stability [83, 84] and the fabrication process is typically relatively simple and low 
cost reactive sputtering.  
TMNs have been demonstrated as the back contact of Cu(In, Ga)Se2 (CIGS) solar 
cells. Using reactive magnetron sputtering Mahieu et al. [71] found improved current 
collection due to the high reflectivity of TiN. This was confirmed by Malmstrom et al. [72] 
who obtained increasing quantum efficiency at long wavelength for 0.5 µm-thick CIGS with 
a ZrN back reflector compared to the conventional Mo back contact. With stoichiometric 
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ZrN films deposited by DC magnetron sputtering Schleussner et al. [73] demonstrated low 
resistivity contacts with better reflectance than Mo and thus reduced optical losses in very 
thin CIGS solar cells. Guo et al. [74] fabricated CIGS solar cells with TiN back contacts 
prepared by hollow cathode sputtering and obtained low resistivity (53 µΩ·cm) TiN films 
and 11.7% cell efficiency.  
 TMNs in general have low electrical resistivities comparable to some metals: 10—30 
µΩ·cm [77-80] due to the presence of broad band on both sides of the Fermi level which is 
attributed to the overlap of nitrogen p-band and transition metal d band [81, 82]. In 
comparison, the resistivity of Ag is 1.59 µΩ·cm, for Al it is 2.82 µΩ·cm, and 10.0 µΩ·cm for 
Fe. 
Likewise, work function is an important parameter for selecting a material as a back 
contact. Fujii et al. [75] and Matenoglou et al. [76] determined the work functions of some of 
the TMNs as 4.7—4.8 eV for ZrN and HfN, 5.1—5.2 eV for VN and TiN. These values of 
work functions of TMNs approach or even exceed most of the back contact materials being 
used for CdTe/CdS solar cells (e.g., 4.5 eV for Mo or Cu, 5.1 eV for Au).  
These excellent properties of TMNs make them become promising candidates as the 
back contact materials for CdTe/CdS thin film solar cells. This thesis will focus on the 
investigation of the effect of ZrN films on the performance of CdTe/CdS thin film solar cells. 
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2.4 Figures 
 
Figure 2.1 Unit cell structure of Zincblende CdTe. Red atoms are Te and green ones are Cd. The 
dashed line indicates the FCC unit cell. 
 
 
Figure 2.2 Superstrate Device Structure of CdTe/CdS photovoltaics with TMNs (e.g., ZrN) Back 
Contact. 
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Figure 2.3 (a) [19] Calculated transition energy levels (b) [27] Experimental energy levels of acceptors 
in CdTe. Red and green lines denote intrinsic and extrinsic defects respectively. 
 
 
Figure 2.4 Effect of grain boundaries on the band diagram of p-CdTe [46]. 
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Figure 2.5 Energy band diagrams of back contact and p-CdTe with (a) higher work function for back contact (b) 
lower work function for back contact (c) lower work function and heavily doped CdTe (d) addition of buffer 
layer [54]. 
 
 
Figure 2.6 Equivalent circuit of a simple solar cell device with Schottky barrier [52]. 
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CHAPTER 3  
EXPERIMENTAL METHODS 
3.1 CdTe/CdS Solar Cells Preparation 
The CdTe/CdS soalr cells without back contacts were fabricated by sputter deposition 
at the University of Toledo following their standard device processing conditions. The 
substrates were 15.2 cm x 15.2 cm Pilkington TEC-15 glass, which is a borosilicate glass 
coated with a high resistivity transparent layer (HRT) and an ~15 Ω/  SnO2 transparent 
conductor. These layers serve as the front contact to the device. The CdS and CdTe active 
layers were produced by sputtering of compound targets as a pressure of 10 mTorr of Ar gas. 
The target-to-substrate distance was 15cm. The optimum deposition temperature was found 
to be 250°C. Following deposition of the junction, the layers were treated with CdCl2 at 
387°C for 30 minutes in dry air. The more details of the device processing are given in [85]. 
The samples were cleaved into 12.5 mm x 12.5 mm individual devices for contacting. 
3.2 TMNs Back Contact Preparation 
ZrN films were produced by reactive magnetron sputtering in an ultrahigh vacuum 
(UHV) system with a load lock for sample insertion. The details of the growth chamber were 
reported by Petrov et al [86]. Each ZrN film was grown directly on the CdTe side of the 
devices without heating using a mask to define the shape of contacts as a dot or square. 
Growth parameters were as described by Mei et al [80] previously. Before growth, the 
chamber is pumped down to < 10-7 Torr. Films growth was by unbalanced reactive 
magnetron sputtering at 100 W in 1.75% N2 amd 98.25% Ar with a total pressure of 20 
mTorr. The growth rate was 40nm·min-1. The thickness of as-deposited ZrN films was 
determined using a Sloan Dektak surface profilometer with a diamond stylus. Four point 
probe was used to measure the sheet resistivity of ZrN films deposited on Si (100) and CdTe 
surfaces.  
For some of the devices, 20 seconds of pretreatment in a N2 plasma prior to the 
growth of the ZrN film was used with a bias on the substrate from -30V to -80V. This 
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represents the expected impact energy of ionized gas species on the depositing film and the 
back surface of the device.  
In some cases, a thin layer of Cu was deposited before the nitride in a separate 
chamber [87] for 30 seconds to 5 minute, resulting in a thickness of Cu estimated to be 2 nm 
to 20 nm. The samples were then transferred to the nitride deposition system as quickly as 
possible to minimize oxidation.  
Back contact annealing was conducted in a tube furnace at 150°C to 400°C in dry N2 
for 30 minutes. 
3.3 Film Characterization 
The X-ray diffraction (XRD) was used to determine the structure and texturing of the 
ZrN films grown on Si (100) substrates or CdTe/CdS solar cells. A Phillips X’Pert 
diffractometer system was used for ω-2θ scans with Cu-Kα1 radiation and thin film parallel 
plate collimator secondary optics. Film morphology was examined using a Hitachi S4800 or 
S4700 scanning electron microscope (SEM) or an Asylum Research MFP-3D atomic force 
microscope (AFM). SEM images were obtained with 15 kV electron beams while AFM 
images were acquired in tapping mode rastered over a 5×5 µm2 area with Cr/Pt tips from 
BudgetSensors (TAP300AL). 
TEM samples were prepared using a FEI Helios 600i focused ion beam (FIB) and in-
situ lift out technique. A 2 kV, 23 pA ion beam was used for final polishing to reduce 
possible surface damage induced by the Ga sputtering ions. All the electron diffraction 
patterns and TEM images were acquired in a JEOL 2010 LaB6 electron microscope with an 
electron voltage set at 200 keV. Scanning transmission electron microscopy (STEM) in 
combination with nanoprobe EDS was conducted in a JEOL 2010F. The probe size was 
estimated to be 1 nm. The sample drift was monitored by comparing the position of specific 
features in the sample. 
The film composition was studied by energy dispersive x-ray spectroscopy (EDS) and 
secondary ion mass spectrometry (SIMS). EDS was carried out in the S4700 SEM.  
Quantitative analysis was based on the Zr, N, Cu, O, Cd, Te peaks using the AZtecTEM 
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software package that is installed with the EDS instrument. SIMS depth profiles were 
obtained in a Cameca ims-5f SIMS using a Cs+ ion beam and detecting either positive or 
negative secondary ions.   
X-ray photoelectron spectroscopy (XPS) was employed to measure the amount of Cu 
deposited on CdTe films in a Kratos Axis Ultra with a monochromatic Cu-Kα1 excitation 
source.  
The optical properties of the CdTe/CdS solar cells with ZrN films back contacts were 
studied using a Varian Cary 5G spectrophotometer and a J.A Woollam VASE ellipsometer. 
Devices with Cu/Au back contacts were also studied for reference. The Varian Cary 5G 
spectrophotometer measured absorbance and reflectance at wavelengths from 300 nm to 
1200 nm. The J.A Woollam VASE ellipsometer with a Xe lamp was also used to measure the 
reflectance of ZrN and Cu/Au back contacts on completed devices at an angle of 5° with 
respect to the surface normal.  
Dark and light J-V characteristics were measured using an IV16 turnkey solar cell 
measurement system calibrated using calibrated crystalline Si cells.  The illuminated area 
was 16 cm × 16 cm at 100 mW/cm2. This system automatically computes Voc, Jsc, Pmax, 
efficiency, Rs and Rsh. Some of the J-V characteristics measurements were also measured at 
the University of Toledo.  
The work function of the ZrN films were measured by ultraviolet photoelectron 
spectroscopy (UPS) in the Kratos Axis Ultra with He I (21.2 eV) radiation and a pass energy 
of 8.95 eV.  
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CHAPTER 4  
RESULTS AND DISCUSSION 
4.1 Morphology of ZrN Films 
Figure 4.1 (a) shows an AFM 3D topographic image of a 200 nm thick ZrN film 
deposited on Si (100) substrate. The films are smooth and uniform. The resistivity was 12.3 
to 22.0 µΩ-cm, which is consistent with the values reported previously [77-80].  The values 
of resistivity are comparable to that of good metal conductors and thus beneficial to reduce 
Rs for completed CdTe/CdS solar cells. Figure 4.1 (c) shows the CdTe film prior to ZrN 
deposition. The CdTe consists of uniform underdense grains with grain size between 100 nm 
and 300 nm. Based on the previous discussion on the effect of grain boundaries in CdTe, 
these underdense grains may contribute to shunt pathways by the grain boundaries and 
pinholes, especially for the Cu migration.  
Figure 4.1 (b) and (d) show the CdTe after 200 nm of ZrN deposition. Comparing 
Figure 4.1 (c) and (d) the ZrN film can seem to be highly conformal. In contrast to the films 
on Si, the ZrN films deposited on CdTe showed highly scattered resistivities between 103 and 
106 µΩ-cm. The higher values are presumably the result of surface roughness but represent a 
concern when depositing a contact that should conduct across the entire surface.   
Figure 4.2 shows the effect of annealing at different temperatures on the morphology 
of CdTe and ZrN films. The annealing at 150°C and 210°C does not have remarkable effect 
on the change of CdTe morphology. In contrast, the grains of CdTe films after annealing at 
270°C distributed more densely with much less pinholes. However, annealing has no obvious 
effect on the microstructure or morphology of ZrN films, as expected.  
4.2 The Effect of Thickness 
Figure 4.3 demonstrates the effect of ZrN films thickness on the performance of 
CdTe/CdS solar cells in the J-V characteristics and Table 1 gives the resulting cells 
parameters. The ZrN films were 90, 140 and 250 nm thick. As the thickness of the ZrN 
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increases the solar cells perform better. Thicknesses beyond 300 nm sometimes result in 
peeling off of the ZrN films and poorer performance of the resulting devices.  
In table 1 the 250 nm thick ZrN produced the best efficiency and highest Voc and the 
thicker ZrN films result in the better microstructure. This contributes to better quality of 
stoichiometric ZrN and thus a big drop in Rs. Also larger thicknesses of ZrN films highly 
conformal to CdTe are beneficial to current collection and thus leading to a big promotion in 
Jsc. In addition, the thicknesses of ZrN films do not exert a strong influence in Voc and Rsh, 
and these two parameters do not imply any regularity as the change of ZrN films thicknesses. 
However, compared to the cells with conventional Cu/Au contact, ZrN films contact 
produces poorer Voc and this indicates ZrN films deposited on CdTe surface is a resistive 
contact leading to a big voltage drop.  
The CdTe/CdS solar cell area for my research is 12.5 mm x 12.5 mm, and the 
standard contact of my cells was a 4 mm diameter circle. The effect of shape of ZrN contacts 
was also studied. Both 4 mm diameter circular contacts and square contacts covering almost 
the entire surface of the CdTe were tested. The I-V characteristics indicate that the square 
contacts result in lower current collection and efficiency, and higher Rs and Rsh while Voc and 
FF keep almost unchanged compared to the circular contacts. The square contacts with larger 
covering area indicate that larger area of CdTe surface was exposed to plasma and highly 
energetic ions during the growth process of ZrN films. This process was detrimental to the 
quality of CdTe films. This suggests that the contacts are not only resistive but also are 
actively degrading the underlying device.  
4.3 SIMS Profiles 
Figure 4.5 (a) depicts a SIMS depth profile of cells with Cu deposition but without 
ZrN back contact deposition and annealing. It can be seen that there is a strong intensity of 
Cu signal near the surface of CdTe and then Cu signal decays rapidly and little Cu is found in 
bulk of CdTe. It shows that Cu deposition in a very little amount by sputtering does not push 
Cu to move into the bulk of CdTe too much and instead most of Cu accumulated around the 
area of CdTe surface.  
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After deposition of ZrN back contact, the SIMS profile changes as shown in Figure 
4.5 (b). Most of Cu accumulates at the interface of ZrN and CdTe. Cu does not diffuse into 
ZrN at all but migrates into the bulk of CdTe a little. Note the gradual decay of Zr and N into 
the film for comparison. There is no diffusion of ZrN into the film so this shows the effect of 
roughness.  
As seen in Figure 4.5 (c) SIMS depth profile of normalized Cu signal in the bulk of 
CdTe/CdS after annealing treatment at different temperature is demonstrated. After annealing 
at 150°C the primary peak of Cu was at the interface of CdTe/ZrN while the primary peak of 
Cu after annealing at 270°C was closer to the front contact. As the annealing temperature 
increased, the primary peaks of Cu moved away further from the interface of CdTe/ZrN, 
which indicates that more amount of Cu diffused into the bulk of CdTe and even reached the 
area of the front contacts.  
4.4 The Effect of Cu Doping 
Prior to the growth of ZrN back contact, a thin layer of Cu (several nm thick) was 
deposited on CdTe with the same deposition mask. Figure 4.4 (a) shows a SEM image of 
CdTe coated with Cu and the Cu aggregates into particles and accumulates at the CdTe grain 
boundaries.  
Figure 4.4 (b) demonstrates the J-V characteristics of Cu effect on the performance of 
CdTe/CdS solar cells. The curve with 30 seconds deposition of Cu has a Voc of 0.42 V, Fill 
Factor of 27.83% and efficiency of 1.69% while the one with 3 minutes deposition of Cu has 
a lower Voc of 0.27 V and efficiency of 1.39% but higher photocurrent density and Fill Factor, 
which demonstrates that more amount of Cu remarkably deteriorates the performance of 
CdTe solar cells. With more amount of Cu deposition (e.g., 5 minutes or more), the J-V 
characteristics exhibit that some of the cells dead, and no short-circuit photocurrent shows up. 
And some of them show linear J-V relationship, and no typical photovoltaic behavior is 
present.  
Since the temperature was up to 300°C during the growth of ZrN films by reactive 
magnetron sputtering, Cu was driven to penetrate into the bulk of CdTe as the same effect of 
annealing in tube furnace. Combined with the SIMS results above, more amount of Cu 
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deposition prior to the growth of ZrN films results in the migration of more Cu into the bulk 
of CdTe in the magnetron sputtering system, and this shorts the cells.  
4.5 Optical Reflectance  
ZrN films I grew have golden metallic color and high optical reflectance over a wide 
spectral range (Figure 4.6) compared to the standard Cu/Au back contact, much better 
especially in the short wavelength range below 800 nm. This potentially allows a reduction in 
the required thickness of the absorber layer by taking advantage of light trapping.  
4.6 The Analysis of ZrN Films Behaviors  
4.6.1 Work Function 
Figure 4.7 is UPS spectrum of ZrN films grown on Si (100). Based on it the work 
function of my ZrN films is 4.1 eV (Φ = hν + Ecutoff – EFermi = 21.2 + (-7.8) – 9.3 = 4.1), 
which is lower than the reported values by other researchers. This low work function should 
be attributed to the introduction of contamination and oxidation. Compared to the high work 
function of CdTe up to 5.8 eV, this value of 4.1eV can obviously create a relatively high 
barrier for hole and thus a Schottky contact is formed. 
4.6.2 TEM Results 
Figure 4.8 (a) is a high resolution TEM image of ZrN layer on CdTe substrate. The 
ZrN grows as rocksalt-structure columnar crystals of (111) preferred orientation (shown in 
Figure 4.8 (b)). The columns are perpendicular to the surface of CdTe with much smaller 
grain size compare do CdTe. Figure 4.8 (c) reveals that there is a 2-3 nm thick amorphous 
layer between CdTe and ZrN. Figure 4.9 (a) shows the STEM high angle annular dark field 
image of the CdTe/ZrN interface. An EDS line scan with a scan length of 33 nm was 
conducted along the arrow to investigate the element intermixing along the interface. Figure 
4.9 (b) shows the EDS results processed by signal processing with Origin software to 
improve the signal noise ratio. There is transportation of Cd and Te into the interfacial layer 
in addition to ZrN, suggesting the interfacial layer is off stoichiometric ZrN. In the work of 
Cho et al. [88], amorphous ZrN shows typical barrier characteristics with much higher 
resistivity up to 900 µΩ-cm than stoichiometric ZrN. Thus it can be deduced that the 2-3 nm 
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thick amorphous layer of ZrN originating from the difference of crystal structure is a high 
resistive layer existing at the CdTe/ZrN interface in my samples. 
In summary, the low work function and interfacial amorphous layer explain the 
behaviors of ZrN films as back contacts for CdTe/CdS solar cells.  
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4.7 Figures and Tables 
	  
	  
	  
(a) (b) 
(c) (d) 
Figure 4.1 ZrN and CdTe morphology (a) AFM 3D topography of 200 nm thick ZrN film 
deposited on Si (100); (b) AFM 3D topography of CdTe with ZrN film deposited on; (c) 
SEM image of CdTe without ZrN deposited on; (d) SEM image of CdTe with a layer of 
200 nm thick ZrN film deposited on. 
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(a-1) (a-2) 
(b-1) (b-2) 
(c-1) (c-2) 
Figure 4.2 The effect of annealing on the morphology of CdTe and ZrN films at 
different temperatures: (a-1) is CdTe after 150°C annealing; (a-2) is ZrN after 
150°C annealing; (b-1) is CdTe after 210°C annealing; (b-2) is ZrN after 210°C 
annealing; (c-1) is CdTe after 270 °C annealing; (c-2) is ZrN after 270°C annealing. 
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Figure 4.3 Effect of ZrN films thickness on the performance of CdTe/CdS solar cells. 
 
Table 1 The parameters of effect of ZrN films thickness on the performance of 
CdTe/CdS solar cells. 
Thickness 
(nm) 
Voc 
(V) 
Jsc 
(mA/cm2) 
FF 
(%) 
Efficiency 
(%) 
Rs 
(µ-cm2) 
Rsh 
(µ-cm2) 
Pmax 
(mW) 
90 0.228 3.909 25.198 0.225 57.735 61.401 0.028 
140 0.155 9.849 26.316 0.402 14.058 16.478 0.05 
250 0.269 16.389 32.088 1.414 11.318 31.45 0.177 
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(a) 
(b) 
Figure 4.4 (a) SEM images of CdTe with Cu deposited on prior to the growth of 
ZrN; (b) J-V characteristics of Cu effect on CdTe photovoltacis with 200nm 
thick ZrN back contact. 
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(a) 
(b) 
(c) 
Figure 4.5 SIMS depth profile of (a) cells with Cu deposition but without 
annealing and ZrN back contact deposition; (b) cells with Cu and ZrN back 
contact deposition but without annealing; (c) normalized Cu signal in the 
bulk of CdTe/CdS after annealing at different temperature. 
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(a) 
(b) 
(c) 
Figure 4.6 Optical properties of ZrN films compared to standard Au back 
contact (a) reflectance (b) transmission (c) transmission rate ratio of ZrN 
films to standard Cu/Au back contact. 
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Figure 4.7 UPS spectrum of ZrN films grown on Si (100) for work function determination. 
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Figure 4.8 (a) High resolution TEM image of ZrN layer; (b) selected area electron diffraction 
pattern of ZrN; (c) higher magnification TEM image of CdTe/ZrN interface. 
 
(a) 
(b) 
(c) 
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Figure 4.9 (a) STEM high angle annular dark field image of CdTe/ZrN interface; (b) EDS 
result of line scan crossing CdTe/ZrN interface. 
 
 
 
 
 
(a) 
(b) 
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CHAPTER 5  
SUMMARY AND CONCLUSION 
ZrN films as back contacts for CdTe/CdS solar cells were studied. ZrN films I grew 
by reactive magnetron sputtering were smooth and uniform, highly conformal to the substrate. 
The resistivity of ZrN films grew on Si (100) was 12.3 to 22.0 µΩ-cm that is comparable to 
that of good conductive metals. However, the ZrN films deposited on CdTe showed highly 
scattered resistivities, which is presumably attributed to the surface roughness. The annealing 
at 150°C and 210°C does not have remarkable effect on the CdTe morphology while the 
grains of CdTe films after annealing at 270°C distributed more densely with much less 
pinholes. Annealing has no obvious effect on the ZrN films, which indicates the stability of 
the ZrN films.  
The thicker ZrN films resulted in better performance of cells due to the better quality 
stoichiometric ZrN and current collection, leading to reduced Rs and promoted Jsc. However, 
thicknesses beyond 300nm did not result in a better ZrN back contact because of the issue of 
peeling off. Since larger area of CdTe surface was exposed to plasma and highly energetic 
ions during the growth of ZrN films, larger area of ZrN films as back contact performs worse, 
which suggests that the contacts are not only resistive but also are actively degrading the 
underlying device.  
The cells with Cu doping demonstrate better performance but the ones with more Cu 
perform worse. SIMS profiles show that as the annealing temperature increased, more 
amount of Cu migrated away from the interface of CdTe/ZrN and diffused into the bulk of 
CdTe. Thus, Cu doping with too much amount or annealed at higher temperatures shorted the 
CdTe/CdS solar cells.  
ZrN films had high optical reflectance and low transmission over a wide spectral 
range compared to the standard Cu/Au back contact. This potentially allows a reduction in 
the required thickness of the absorber layer by taking advantage of light trapping.  
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UPS spectrum gave that the work function of my ZrN films was 4.1 eV and it may be 
due to the introduction of contamination and oxidation. This low work function is much 
lower than that of CdTe and thus a Schottky barrier is formed.  
TEM studies indicated that ZrN grew as rocksalt-structure columnar crystals of (111) 
preferred orientation and the columns were perpendicular to the surface of CdTe. There was 
a 2-3 nm thick interfacial amorphous layer between CdTe and ZrN originating from the 
difference of crystal structure. EDS line scan showed that the interfacial layer was off 
stoichiometric ZrN and was a high resistive layer. The low work function and interfacial 
amorphous layer explained the behavior of ZrN films as back contacts for CdTe/CdS soalr 
cells.  
In future work, a buffer layer (e.g., HfN) needs to add between CdTe and ZrN to 
remove the interfacial amorphous layer. ZrN films with higher work function are expected to 
produce and improve the cells performance by reducing the Schottky barrier height. Other 
TMNs films, such as HfN and VN, will be explored to be novel back contact materials.  
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